Background: Data showing a role for the mid-thoracic spinal cord (SC) in the control of hemodynamic changes is scarce despite existing evidence for its involvement in autonomic regulation. Study design: On the basis of the open label prospective series comparing three groups. Objective: To determine whether the mid-thoracic SC has a role in hemodynamic regulation during head-up tilt (HUT). Setting: Spinal Research Laboratory, Loewenstein Rehabilitation Hospital. Methods: A total of 13 healthy control subjects, 10 patients with T 4 -T 6 paraplegia and 11 with C 4 -C 7 tetraplegia were examined during supine rest and during HUT. Heart rate (HR), blood pressure (BP), HR spectral components (lower frequency fluctuation (LF), higher frequency fluctuations (HF) and LF/HF) and cerebral blood flow velocity (CBFV) were continuously measured or calculated. Results: BP response to HUT differed among these groups (Po0.02). During HUT, BP decreased markedly in the tetraplegia group (from a mean value of 81.65 to 67.69 mm Hg), and increased in the control groups (from 92.89 to 95.44 mm Hg) and in the T 4 -T 6 paraplegia group (from 96.24 to 97.86 mm Hg). Significant correlation was found in the control and tetraplegia groups between increases in HR LF/HF and HR at HUT (r40.7; Po0.01). No such correlation was found in the paraplegia group. HUT effect on HR and CBFV was significant in all groups (Po0.001), but group differences were statistically non-significant. Conclusion: Findings were generally compatible with those of comparable previously published studies, but they also support a role for the mid-thoracic SC in hemodynamic regulation, which should be considered in clinical setting and in research.
Introduction
Excluding infrequent cases with anatomical variations, the human sympathetic innervation involves thoracic and not cervical spinal cord (SC) grey columns. 1 The border between spinal cord injuries (SCIs) that cause prominent autonomic disturbances, such as autonomic hyper-reflexia, and that does not cause such disturbances is below the T 5 -T 6 level rather than below the cervical SC, 2 which implies that factors residing in the thoracic SC, such as nerve cells that affect muscular and splanchnic circulation, are necessary for intact cardiovascular regulation. Several publications show that cardiovascular impairments may be expressed differently in cervical and thoracic SCI, and that the autonomic deficit following thoracic SC lesions may have a specific clinical significance. [3] [4] [5] Responses to liquid food ingestion, cold application to the hand and cold application to the foot [6] [7] [8] indicated that the hemodynamic changes are mediated by a mid-thoracic SC mechanism. But data showing a role for the mid-thoracic SC in the control of hemodynamic changes in the upright position has been scarce. The experiments presented in this study investigated the hypothesis that the mid-thoracic SC has such a role.
Materials and methods

Subjects
A total of 13 healthy control subjects and 21 persons with SCI of 3 months to 41 years duration were included in the study. Neurological levels of injury were determined using the International Standards for the Neurological Classification of Spinal Cord Injury and SCI severity was determined using the American Spinal Injury Association Impairment Scale (AIS). 9 The 10 T 4 -T 6 paraplegia and 11 C 4 -C 7 tetraplegia SCI participants were patients who could be enrolled during the study period from the above T 7 SCI patients admitted to the Spinal Department of Loewenstein Rehabilitation Hospital for rehabilitation or check-up. The control subjects were nine men and four women who were 34 ± 13 years old. The persons with paraplegia were eight men and two women who were 38 ± 13 years old, with AIS grade A SCI. Mean duration of their injury was 8.47 years.
The persons with tetraplegia were 11 men, 42 ± 8 years old, eight with AIS grade A and three with AIS grade B SCI.
Patients with AIS grade B had hypoesthesia below the neurological level, whereas four of the patients with AIS grade A tetraplegia had anesthesia and four of them had hypoesthsia over 4-11 segments below the neurological level. Mean duration of injury in the patients with tetrapleia was 7.26 years. Participants did not present any medical conditions that could affect the results, such as febrile disease, heart failure, renal failure, diabetes mellitus or any additional neurological impairment, and were not receiving any medications that could affect testing.
Procedure
The Ethics Committee of Loewenstein Rehabilitation Hospital approved the study, and all participants signed an informed consent. In the morning, after a 12-h fast, each subject lay supine on an electric tilt-bed, in a relatively quiet hospital environment with an ambient temperature of about 22 1C. Subjects were tied to the bed with wide bands around the chest, pelvis and knees, avoiding pressure to the abdomen. A right cubital intravenous catheter was inserted and rinsed with diluted heparin. All subjects were continuously monitored for heart rate (HR), blood pressure (BP) and cerebral blood flow velocity (CBFV). Participants were monitored for 30 min lying flat in a supine position, followed by 10 min with a 35 1C head-up tilt (HUT) and an additional 15 min rest, without tilt. Thereafter continuous monitoring and intravenous catheter were used for additional experiments, with the same patients and setup, following the experiment described in this study. To detect a possible respiratory effect on measurements, the intravenous catheter was also used for venous blood partial pressure of carbon dioxide (PCO 2 ) sampling in 10 control subjects, five persons with paraplegia and 10 persons with tetraplegia.
Recording and analysis
For HR recording, continuous electrocardiogram traces were obtained using surface electrodes and a preamplifier A/D system (Biopac Systems, Goleta, CA, USA). The Finapres device (Ohmeda Medical, Inverness, CO, USA) was applied for non-invasive continuous BP recording by means of a pressure cuff connected to the subjects' middle finger. Electrocardiogram and the finger arterial pressure signals were simultaneously sampled online at 500 Hz. The digitized electrocardiogram signal was converted offline into a continuous beat-to-beat HR signal and resampled offline at 10 Hz. The digitized arterial pressure signal was low-pass filtered and resampled offline at 10 Hz.
For analysis in the time domain, we used the mean of HR and BP values resampled for each subject from the continuous signals. To compute the mean values of the arterial pressure at the heart level (BP) during HUT, hydrostatic pressure differences at 35 1C HUT between heart and finger were subtracted from the mean values of the finger arterial pressure. To obtain the hydrostatic pressure differences in mm Hg, we measured the distances from the finger to the middle of the arm, multiplied these by the sine of the tilt angle and divided the product by the specific gravity of mercury.
For analysis in the frequency domain, a spectral analysis of HR variations was performed after applying a median filter with a 251-sample length. 10 
Statistical analysis
The mean values of HR, BP, HR LF and HF, the ratio HR LF/HF and mean CBFV (mCBFV) were calculated at supine rest (during 5 min before the tilt for the time domain, and during
Head-up tilt in thoracic SCI V Bluvshtein et al 10 min for the frequency domain) and during HUT. Findings during rest and HUT were compared using analysis of variance with repeated measurements within and between groups (paraplegia, tetraplegia and healthy participants), to examine the HUT effects and the effects of the groups themselves on the hemodynamic-dependent variables. Post hoc comparisons between groups and conditions were performed to determine the specific effect of SCI on the hemodynamic variables. Correlations between changes in variables were examined using Pearson's correlation test.
Before the statistical analysis, the spectral components were subjected to a square root transformation and their ratios to a natural logarithm transformation to approach normal distributions. Data were analyzed by SPSS for Windows, version 11 (SPSS, Chicago, IL, USA).
Results
The differences in age and SCI duration between the groups were non-significant (P40.2). Most of the subjects completed the tilt testing without clinical disturbances, except two persons with tetraplegia who felt unwell during HUT, and their BP and CBFV measurements for 5-10 min of HUT could not be included in the analysis. Hemodynamic variables at supine rest, and responses to HUT in the time and frequency domains are illustrated in Figures 1 and 2 . Their mean and s.d.. values are detailed in Table 1 , and the main effects of HUT on hemodynamic variables are summarized in Table 2 .
Hemodynamic variables in the time domain
Group effect on HR and mCBFV was not significant, but on BP it was significant (Po0.01) during supine rest and HUT: in the tetraplegia group BP was lower than in the other subject groups. HUT effect on HR and mCBFV was significant (Po0.001) irrespective of group (Po0.05): it increased HR and decreased mCBFV. The decrease in mCBFV was slight in the control and paraplegia groups and marked in the tetraplegia group. HUT effect on BP, however, was different in various groups (Po0.02): mean BP during HUT was slightly higher than that during supine rest in the control and paraplegia groups, but markedly lower in the tetraplegia group.
Hemodynamic variables in the frequency domain Group effect was significant (Po0.05) on the LF and the HF HR spectral component, but not on natural logarithm HR LF/HF. HR LF and HF were higher in healthy subjects than in SCI individuals, and lowest in persons with tetraplegia at supine rest and HUT.
HUT effect on the LF or HF HR variation spectral analysis components was not significant, but HUT had a significant effect on HR LF/HF (Po0.01): natural logarithm HR LF/HF increased at HUT similarly in all groups. However, the group affected the correlation between increases in HR LF/HF and HR: natural logarithm LF/HF increase was correlated with HR increase in the control group (r ¼ 0.72; Po0.01) and in the tetraplegia group (r ¼ 0.77; Po0.01), but not significantly in the paraplegia group (r ¼ 0.63; P40.09). Head-up tilt in thoracic SCI V Bluvshtein et al
HUT effect on PCO 2
Venous PCO 2 at supine rest was 51.8±7.9 mm Hg À1 in the control group, 54.1±2.6 in the paraplegia group and 46.91 ± 6.7 in the tetraplegia group. Around 5 min after tilting it was 48.5 ± 7.5 in the control group, 50.2 ± 4.6 in the paraplegia group and 45.4±6.6 in the tetraplegia group. The differences between groups and HUT effect on the measured PCO 2 were not statistically significant.
Discussion
The results of this experiment are generally compatible with previously published data. 5,12-18 We did not find, however, publications of HUT studies with series of T 4 -T 6 paraplegia patients for comparison. Therefore, we consider the findings in this specific group to be novel and noteworthy. Two findings support the study hypothesis: (a) the absence of a significant BP decrease, and even some BP increase in T 4 -T 6 paraplegia, in response to HUT; and (b) the significant correlation between HR increase and HR LF/HF increase, at HUT, in the control and tetraplegia groups, but not in the paraplegia group.
It may be argued that in the present experiment BP was maintained at HUT in T 4 -T 6 paraplegia, but not in tetraplegia, by efferent signals of the baro-reflex conveyed to the heart and blood vessels through intact segments above 1.9 ± 0.5 1.4 ± 0.5 1.3 ± 0.7 2.5 ± 0.7 1.5 ± 0.7 1.5 ± 0.6 SqR HF HR (bpm)
1.5 ± 0.9 0.9 ± 0.6 0.8 ± 0.4 1.4 ± 0.9 1.0 ± 0.7 0.5 ± 0.4 SqR HF BP (mm Hg) 0.9 ± 0.4 0.89 ± 0.4 0.6 ± 0.2 0.9 ± 0.3 0.7 ± 0.4 0.8 ± 0.3
Abbreviations: BP, blood pressure; HF, high frequency; HR, heart rate; HUT; head-up tilt; LF, low frequency; mCBFV, mean cerebral blood flow velocity; Rt, right; SqR, square root.
Head-up tilt in thoracic SCI V Bluvshtein et al T 5 . But this is unlikely because in another experiment these segments were not sufficient to compensate for a drop in BP, smaller than the drop in tetraplegia in this study, in the same T 4 -T 6 paraplegia group following a meal. 6 This indicates that the baro-reflex alone is not likely to maintain BP and that another mechanism is maintaining BP in T 4 -T 6 paraplegia at HUT. This mechanism may be maintaining BP by damage to a hypothetic mid-thoracic neural structure that induces vasodilatation and enhances hypotension at HUT, but not after meals. The mechanism would maintain BP in control and paraplegia patients, but not in tetraplegia, because the activity of the mid-thoracic SC neural structure, which is reduced by SCI in mid-thoracic paraplegia, is suppressed in healthy subjects, through pathways descending through the cervical SC, but is not affected in patients with tetraplegia whose cervical SC is damaged. The mid-thoracic SC neural structure may respond to afferent nerve fibers reacting to increased tension during HUT in splanchnic and lower body vessel walls. It may include a signal generator transmitting efferent stimuli to the heart through the sympathetic ganglia chain without passing through the cervical SC. Generation of such stimuli, which affect HR or HR variation depending on the integrity of the T 4 -T 6 thoracic and not necessarily of the cervical SC, can explain the significant correlation between HR increase and HR LF/HF increase in the control and tetraplegia groups, but not in the paraplegia group.
Additional findings show that despite the non-significant change in BP at HUT in the control and paraplegia groups, HR increased and CBFV decreased. These can be reactions to arterial vasoconstriction above the neck, as part of compensatory baroreflex that participates in maintaining BP at HUT in these groups. A decrease in CBF, reflected by significant CBFV decrease in the control and paraplegia groups, may contribute to the sympatho-vagal balance increase during HUT in these groups, which is represented by the significant HR LF/HF increase. These findings are compatible with involvement of the thoracic SC in hemodynamic regulation.
Implications
The findings support the study hypothesis and add information to be considered when assessing patients with thoracic SCI in clinical setting and in research. For example: (a) orthostatic hypotension in a person with chronic T 4 -T 6 paraplegia should raise suspicion of an additional lesion because of the observed mild or transient nature of BP response to HUT in T 4 -T 6 SCI patients; (b) if the observation is confirmed, orthostatic hypotension in these patients, which is usually mild if present, may be treated with nonpharmacological measures, avoiding at least part of the measures recommended by the European Federation of Neurological Societies (EFNS) guidelines for the management of orthostatic hypotension; 19 (c) the mid-thoracic neural mechanism suggested by this study indirectly supports the minimal autonomic hyper-reflexia expression in patients with T 4 -T 6 SCI, demonstrated in another publication. 8 Limitations Limitations of the study include an absence of anatomically complete lesions, multiple analyses, a relatively small study population, a possible effect of respiration during HUT on findings and possible minor errors in the non-invasive BP measurement. The use of clinical criteria for enrollment and the multiple analyses were discussed in our previous publications, [6] [7] [8] and are unlikely to have affected the results. More subjects in each category would have added power to the study, but the availability of patients who fit the inclusion criteria and could be enrolled during the study period was limited.
Changes in breathing and PCO 2 could have affected measurements, mainly CBFV, during HUT, but venous blood PCO 2 sampling showed non-significant differences between supine rest and mid-HUT in all three groups. Moreover, HR HF variations, which are affected by respiratory changes, did not show a significant change at HUT. Respiratory changes are, therefore, unlikely to have had a remarkable effect on the findings.
The fact that nearly syncopal BP measurements of two SCI individuals could not be included in the analysis has affected the average BP, but were these measurements included, the demonstrated HUT effect on HR and BP would be even stronger. At the same time, the method used to calculate the arterial pressure at heart level introduced a measurement error during the short period of transition from supine rest to HUT. These biases, however, were minor, had opposite tendencies and are not expected to affect the inferences.
A typical bias that the Finapres device may introduce, in the order of 2-4 mm Hg, 20 not always in the same direction, is unlikely to affect the results because errors with different directions may cancel each other out within and among groups, and because assessing HUT effect on BP by comparing changes in BP and not absolute BP values, minimized this effect.
Conclusions
Our results were generally consistent with those of comparable studies, but showed, in addition, a remarkable discrepancy between persons with tetraplegia, who responded with a significant BP decrease to HUT, and persons with T 4 -T 6 paraplegia, who did not. This finding, and additional (less prominent) ones support a role for the mid-thoracic SC in BP and HR regulation, and suggest that a neural signal generator in the thoracic SC transmits stimuli to the heart, independent of the cervical SC. The suggested role of the mid-thoracic SC adds information to be considered in clinical setting and in research.
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